is essential to reflect nutrient availabilities in cells for cell growth and metabolism 1 . Solute 15 carrier 38 family A member 9 (SLC38A9) is the lysosomal transporter responsible for 16 amino acid sensing in the mTORC1 signaling pathway 2-4 . Here we present the first crystal 17 structure of SLC38A9 from Danio rerio in complex with arginine. As captured in the 18 cytosol-open state, the bound arginine was locked in a transitional state stabilized by the 19 transmembrane helix 1 (TM1) of SLC38A9 which was anchored at the grove between 20 transmembrane helix 5 and 7 inside the transporter. The key motif WNTMM on TM1, 21 contributing to the anchoring interactions, is highly conserved in various species. 22
various conformational states during transport [16] [17] [18] and it is possible that these conformational 48 changes affect the structure of the N-terminal domain and hence the interactions between 49 SLC38A9 and Ragulator or Rag GTPases 2, 3, 5 . 50
51
In the present study, we determined the crystal structure of SLC38A9 from zebrafish (Danio 52 rerio, drSLC38A9) in complex with arginine at 3.17 Å (Fig. 1a, 1b , Table S1 ). The transporter 53 consists of 11 transmembrane (TM) helices with its N-terminus located in the cytosol while its 54 C-terminus on the lumen side (Fig 1a) . Consistent with other members in the APC super family 9 , 55 SLC38A9 adopts a LeuT-like pseudo-symmetric bundle of five transmembrane-helix inverted-56 topology repeat: the N-terminal half consists of TMs 1-5 and the C-terminal half consists of TMs 57 6-10. Transmembrane helix 11 flanks the transporter from one side. TMs 1 and 6 are broken and 58 line the substrate binding where an arginine molecule was identified ( Fig. 1b ). Sequence 59 alignment of this protein from zebrafish, frog, mouse and humans indicate that the eleven 60 transmembrane regions are highly conserved (Fig. S1 ). drSLC38A9 shares 61.9% of identity and 61 86.6% of similarity with the human homolog (hSLC38A9) (Fig. S1 ). Despite significant efforts 62 to crystallize full-length drSLC38A9, only the N-terminal truncated form (ΔN-drSLC38A9) yielded ordered crystals amenable to diffraction studies. An antibody fragment, Fab-11D3, was 64 used to further stabilize the luminal loops and further optimize the crystallization (Fig. S2, S3 ). 65
As shown by the arginine uptake assay using SLC38A9-reconstituted liposomes (Fig. 1c, S4) , 66 the truncated SLC38A9 is active and able to bind and transport arginine as the wildtype protein. vestibule open to the cytoplasm ( Fig. 1d and Fig. 2 ). At the luminal side, polar interactions 72 between residues on TM1b, Loop5-6, Loop7-8 and residues on TM6a, TM10, TM11 prevent 73 solvent access to the substrate binding site toward the center of the transporter ( Fig. 1b and d Arg 344 on Loop 5-6 and Glu 411 on Loop7-8 ( Fig. 1d ). Gln 438 from TM8. The α-amino group of arginine is hydrogen bonded to Thr 121 and Ser 122, 84 and is further stabilized by the 4-hydroxyl group of Tyr 204 across the cytoplasmic vestibule on 85 TM3 ( Fig. 2a ). Notably, a surface area made from the backbone carbonyl groups of Asn116, Thr 86 117, Met 118 and Met 119 electrostatically draw the guanidinium group of the bound arginine 87 adjacent to TM1a (Fig. 2b ). It has been shown that in the human homolog, the mutation T133W 88 (equivalent to T121W in the present structure) abrogates transport activity for arginine 2 . Indeed, 89 in our structure Thr 121 is a key residue involved in stabilizing the bound arginine. 90 91 Superposition of SLC38A9 with other related transporters that were captured at different states 92 may provide insights for the mechanism of transport and for the structural reconfigurations that 93 result from the transition from one state to another. One useful comparison is the 94 arginine/agmatine antiporter AdiC 23 which shares the same fold as SLC38A9 but was captured in 95 a different state. Although AdiC does not couple sodium ions when transporting substrates, the 96 location of the central site in AdiC resembles that of LeuT, a model system for a Na+-coupled 97 transporter ( Fig S5) . In AdiC, the α-carboxyl and -amino group of arginine are bound between 98 TM1 and TM6 while the guanidinium side group of the arginine was found next to TM3. observed in other LeuT-like APC transporters 24 . 106
107
As TMs 1 and 6 change conformation they affect the location and bonding of arginine. The 108 arginine in SLC38A9 was found at a different location than the arginine from AdiC (Fig 3a) . In 109
AdiC, an arginine molecule was observed at the center of the transporter lying roughly parallel to 110 the plane of the membrane. However, in SLC38A9 which is open to the cytosol, the arginine 111 changed its orientation to point toward the cytosol (Fig 3a) . This orientation of the arginine is 112 Na1 and N116, M119(O), Q438, T441 for Na2 ( Fig. S6) . Surprisingly, the sodium site Na2 in 123 SLC38A9 was occupied by the positively charged group of bound arginine (Fig. 3a) . The Na2 124 occupation may result in a discontinuous release of arginine in SLC38A9 transport cycle before recovering to the sodium loaded conformation. Indeed, when switching from outward-to inward-126 open state, the sodium ion at Na2 site is predicted to enter a metastable state and initiate the 127 substrate release coordinated by conformational changes of TM1 25 . Thus, a similar metastable 128 state could be expected when the sodium ion is replaced by an arginine in SLC38A9. 129
130
In the present structure, the anchoring of TM1a to TM5 and TM7 stabilizes SLC38A9 in this 131 intermediate state. The intricate interaction network between TM1a, TM5 and TM7 was found 132 following the bound arginine ( Fig. 3b) . A salt bridge is formed between Asp 116 and Thr 307. 3c). This hydrophobic box is immediately followed by the unwound region on TM1, suggesting 138 that TM1a anchor may cause Met 119 to expose its carbonyl oxygen to disrupt the alpha helix. 139
With the conserved WNTMM motif, a restrained TM1a in this conformation is likely to be 140 important during transport by SLC38A9 homologs. Consistent with the structural insights 141 mentioned above, a mutation N128A in the human homolog (hSLC38A9) has been shown to 142 decrease transport activity 3 . While sequence alignment shows that human Asp 128 corresponds 143
to Asp 116 in the zebrafish homolog ( Fig. S1 ), disturbing Asp 116 in the WNTMM motif on 144
TM1a is believed to impair the anchoring network along with sodium coordination, which can 145 consequently undermine transport. 146 147 Mutations M118A and M119A in WNTMM motif abolished the transport of arginine, suggesting 148 that the large non-polar side chains at this position are functionally necessary (Fig. 3d) . 149
Presumably, the two "methionine fingers" insert into the hydrophobic box during conformational the downstream mTORC1 signaling could then become activated 3, 5 . However, a complete 187 structure of SLC38A9-Ragulator-Rag GTPases complex captured at different conformational 188 states will be needed to elucidate the precise process by which this transporter activates this 189 pathway and to advance our understanding toward the lysosomal amino acid transport and its 190 modulation of mTORC1 signaling pathway. The understanding of amino acid sensing and 191 transport by SLC38A9 will further assist in drug development against the deregulated mTORC1 192 activation and lysosomal homeostasis related disorders 30, 31 . Error bar, standard error of the mean (s.e.m.) of triplicate measurements. One-sample t-test was used to compare M118A and M119A to value 0, which confirms that the two mutants are deficient in arginine transport in vivo at p values of 0.7072 and 0.6315 for M118A and M119A respectively. LeuT (PDB 3TT1, RMSD=3.92, TMalign for 185 residues). Sodium ion at Na1 site is coordinated by four oxygens (circled by dash lines) from M118(O), S122, A357(O), Y392. b. Predicted sodium ion binding site Na2 by structural alignment to vSGLT (PDB 3DH4, RMSD=4.00, TMalign for 168 residues). In the current structure, sodium ion at Na2 site is displaced by arginine. However, four residues, N116, M119, Q438, T441 are likely to become electron donors when bound to sodium ion (circled by dash lines). 
